Abstract The Tibetan Plateau (TP), the highest and largest plateau in the world, with complex and competing cryospheric-hydrologic-geodynamic processes, is particularly sensitive to anthropogenic warming. The quantitative water mass budget in the TP is poorly known. Here we examine annual changes in lake area, level, and volume during 1970s-2015. We find that a complex pattern of lake volume changes during 1970s-2015: a slight decrease of À2. ), increased at similar rates. We find that increased net precipitation contributes the majority of water supply (74%) for the lake volume increase, followed by glacier mass loss (13%), and ground ice melt due to permafrost degradation (12%). Other term such as SWE (1%) makes a relatively small contribution. These results suggest that the hydrologic cycle in the TP has intensified remarkably during recent decades.
Introduction
The Tibetan Plateau (TP) has an average elevation of greater than 4000 m with an extensive distribution of glaciers, permafrost, and alpine lakes [Li et al., 2008; Yao et al., 2012; Zhang et al., 2014] . The TP together with its surrounding regions is often referred to as "the Third Pole of the Earth" [Qiu, 2008] and the "roof and the world." Lakes, snow, glaciers, and river are important components of the hydrologic cycle in the large highelevation region. Lakes in the endorheic (closed) basin of the Inner TP have a special role because they form a node linking atmospheric, cryospheric, and biospheric components of the hydrological cycle. Lakes are sensitive to climate change, responding rapidly to environmental changes in their catchments [Adrian et al., 2009] . Because there are few disturbances from human activities in the Inner TP, these lakes provide a unique indicator of climate change.
In the past few decades, lake area in the TP has been undergoing an obvious increase; this is the opposite of changes in other regions of China [Ma et al., 2010] , Asia's plateaus [Zhang et al., 2017a] , and other regions or drainage basins across the globe [Donchyts et al., 2016; Pekel et al., 2016] . Lake area changes in the TP has been examined using Landsat data with relatively long time spans (a decade or longer) [Ma et al., 2010; Song et al., 2013; Wan et al., 2016; Zhang et al., 2014] . A global water-body mapping at annual scale between 1984 and 2015 is available [Pekel et al., 2016] , but manual identification and removal of rivers, reservoirs, and wetland polygons are necessary [Messager et al., 2016; Zhang et al., 2017b] . Lake level change can be retrieved from laser or radar altimetry [Crétaux et al., 2011; Kleinherenbrink et al., 2015; Zhang et al., 2011b] . Combining water level change with lake area can then give estimates ZHANG ET AL.
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Key Points:
• Lake area, level, and volume vary in three stages: slight decrease (1970s-1995) , rapid increase (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , and recent slowdown (2011) (2012) (2013) (2014) (2015) • Lake and groundwater storage both increased at similar rates in Tibetan Plateau's endorheic basin over [2003] [2004] [2005] [2006] [2007] [2008] [2009] • Increased precipitation contributes a major water supply (74%) for lake volume increase, followed by glacier melting (13%) in [2003] [2004] [2005] [2006] [2007] [2008] [2009] of variations in lake water volume [Song et al., 2013; Yang et al., 2017; Zhang et al., 2013a Zhang et al., , 2013b . For example, water volume changes of 11 large lakes in the southern TP between 1992 and 2015 have been estimated [Crétaux et al., 2016] .
A quantitative evaluation of the water balance of each lake on the TP is currently not feasible because of the scarcity of in situ observations. Only a few lakes have had their water budgets quantitatively assessed, namely: Selin Co, Nam Co, Tangra Yumco, Mapam Yumco, and Paiku Co [Biskop et al., 2015; Li et al., 2017; Tong et al., 2016; Zhou et al., 2015 Zhou et al., , 2013 Zhu et al., 2010] (Table S1 in the supporting information). However, there are more than 1200 lakes (>1 km 2 ) in the TP, mainly in the Inner TP , and 5000 small glacial lakes in the Himalayas . Thus, our knowledge of lake water balance is very limited. In addition, the mass balance in the Inner TP has shown an increase [Neckel et al., 2014; Yi and Sun, 2014] . However, the quantitative fractions of mass change have not been assessed.
In this study, we examine annual variations in lake area, water level, and volume in the TP from 1970s to 2015.
Within the TP there are 12 large basins, but the Inner TP is a large endorheic basin (7.08 × 10 5 km 2 ) with the predominant lake number and area in High Mountain Asia (Figure 1 ). We conduct a quantitative study of water mass balance for this basin.
Data and Methods Used
2.1. Lake Area, Level, and Volume
The Landsat series of satellites are the most popular for lake area mapping because of the long period of data availability, relatively high spatial resolution, and open access [Pekel et al., 2016; Sheng et al., 2016; Verpoorter et al., 2014] . In this study, the Landsat data with free or small fraction of cloud coverage in October were used. If no data were available in October, data from September or November were chosen. The data were also used to extend the available lake observations if the average cloud coverage in a scene is high but cloud cover over several lake surfaces is small. The normalized difference water index [McFeeters, 1996] with the optimal threshold determined from the Otsu method [Otsu, 1979] was applied to distinguish water from nonwater features. Visual examination and manual editing of lake boundaries were conducted combining the false color composition (Bands 5, 4, and 3 as red, green, and blue) of raw Landsat images for each lake. Lakes larger than 10 km 2 were selected: these large lakes dominate the total lake area, and the smaller lakes (< 10 km 2 ) are more liable to fluctuate from year to year . Relative lake area change was 
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used to estimate the trend of area change [Tao et al., 2015] . The annual Landsat MSS record in 1972 -1976 is limited, so data from 1972 to 1976 were grouped into a single period from hereafter referred to as "1970s." Lake level monitoring has been possible using laser and radar satellite data [Crétaux et al., 2011 [Crétaux et al., , 2016 Zhang et al., 2011b] . Here we used the ICESat/GLA14 Release-34 elevation data to retrieve the elevation of lake water surfaces on the TP between 2003 and 2009. The inside buffer of lake boundary delineated from Landsat data in the same year as the ICESat data was used to extract ICESat footprints over the water surface. The mean elevation of selected footprints in each track was calculated as the elevation on the track date. Data from other satellite altimetry missions including TOPEX/POSEIDON, Geosat-Followon, ERS-2, Jason-1/-2, and Envisat [Crétaux et al., 2011 [Crétaux et al., , 2016 and Cryosat-2 [Jiang et al., 2017; Kleinherenbrink et al., 2015] have the abilities to monitor TP's lakes with longer data spans and with seasonal coverage, as opposed to the use of ICESat. However, we used ICESat data only primarily because of its advantage of 91 day repeat orbit and its small footprints (70 m), which has an advantage to cover many more lakes than radar altimeter data. Figure S1 in the supporting information shows the time series of water level for Qinghai Lake from ICESat, station observation, and lake area from Landsat between 1970s and 2015. The patterns of lake level reconstructed using hypsometric (area-altitude) analysis and in situ measurement match well. Finally, we reproduce lake level during 1970s-2015 for lakes with available data (Table S2 ). Lake water volume change can be estimated using the following equation:
where ΔV is the volume variation and H start , A start and H end , A end are the elevation and area in the start year and end year, respectively. A comparison of water volume change for Nam Co between hypsometric analysis and bathymetry measurement [Zhang et al., 2011a] shows high accuracy (R 2 = 0.98) ( Figure S2 ). The lake volume in 1970s is used as the base year. The relative volume change after 1970s is calculated using equation (1). Total lake water volumes in 2003, 2009 , and other years with available data (for lakes >1 km 2 ) relative to 1970s were also estimated.
Water Mass Budget
The change in terrestrial water storage (TWS) in the TP includes lake water (L), glacier (G), snow water equivalent (SWE), soil moisture (SM), ground ice stored in permafrost (PM), and groundwater storage (GWS). To quantify the fraction from TWS changes, at least six of the seven components need to be known. The mass budget is expressed as
Lake volume changes can be estimated by combining lake area and lake level variations. The glacier mass budget can be observed from ICESat data in 2003 -2009 [Gardner et al., 2013 Kääb et al., 2015; Neckel et al., 2014] .
In addition, water balance for closed (endorheic) lake or lakes in the endorheic basin can be estimated as
where ΔP is the change in net precipitation (precipitation minus evaporation) over the lake surface and precipitation-induced land runoff. The trends of TWS, SWE, and SM changes and their uncertainties are estimated from a least squares fit after annual and semiannual variations have been removed .
Mass Change From Gravity Recovery and Climate Experiment Observations
Satellite gravity measurements from the Gravity Recovery and Climate Experiment (GRACE) provide quantitative measurements of TWS changes with unprecedented accuracy. A multibasin inversion method ] is adopted to estimate mass change based on GRACE observations. This method fits total mass in each so-called "mascon" (mass concentration, an area that shares a uniform change pattern) instead of gridded observations or spherical harmonics; thus, the number of fitting variables is greatly reduced and the signal-to-noise ratio of each variable is improved. A weighted function based on the area of each basin is also incorporated, and a regularization factor is also applied to reduce singularities in the inversion.
The method requires a priori mascon divisions. There are 44 mascons at a resolution of 0.5°by 0.5°. The Inner TP is separated from the surrounding basins to reduce the boundary effect from peripheral signal sources
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( Figure S3 ). The surrounding basins are generally sized 5°by 5°, except those in the Ganges which are based on the boundary of the basin. The inversion details are demonstrated in Figure S4 . The observed trend by GRACE is well fitted by our method, and the residuals are quite small. The estimated mass is shown in Figure S4b , where positive mass anomalies appear in the inner TP and negative mass anomalies can be recognized in the Himalayas and northern India. Inverse masses in surrounding mascons are discarded because they are contaminated by peripheral signals. The glacial isostatic adjustment effect is corrected based on the ICE-6G_C deglaciation history and the VM5a earth model [Peltier et al., 2015] . GRACE gravity data provide an alternative and complementary tool for quantifying GWS changes [Chen et al., 2016] .
Soil Moisture
The Global Land Data Assimilation System (GLDAS) provides global, high-resolution, near-real-time land surface states (e.g., soil moisture) and fluxes by integrating satellite-and ground-based observations [Rodell et al., 2004] . GLDAS drives four land surface models: Mosaic, Noah, the Community Land Model, and the Variable Infiltration Capacity (VIC). In addition, a monthly global soil moisture data set is produced with the driving input fields including the Climate Prediction Center's monthly precipitation over land from over 17,000 gauges and temperature from global reanalysis data [Fan, 2004] . An intercomparison of soil moisture in the Inner TP from these models reveals that the spatial patterns of soil moisture from three of the five models (Mosaic, Noah, and VIC) have good agreement ( Figure S5 ). As in previous studies [Feng et al., 2013; Xiang et al., 2016; Yi et al., 2016] , the soil moisture from these three products (Mosaic, Noah, and VIC) is averaged to reduce the model bias.
Snow Water Equivalent
Passive microwave sensors are the most efficient way to retrieve snow depth or snow water equivalent (SWE); they have the advantages of cloud penetration and high sensitivity to water content in the snowpack [Saraf, 1999; Smith and Bookhagen, 2016] . The scanning multichannel microwave radiometer (SMMR), Special Sensor Microwave/Imager (SSM/I), Special Sensor Microwave Imager/Sounder (SSMI/S), and Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E) have been used for SWE estimation since 1978. A comparison of SWE from AMSR-E with station measurements shows that the AMSR-E SWE is overestimated . A snow depth data set derived from SMMR, SSM/I, and SSMI/S with validation of CMA (China Meteorological Administration) station observations and intersensor calibrations has been developed across China from 1978 to 2014 Dai et al., 2015] . The snow depth from this data set is used and converted into SWE with snow density (approximately 0.15 g cm
À3
) in the TP [Dai and Che, 2010] .
Permafrost
Discontinuous permafrost is extensively distributed across the TP, especially the Inner TP [Gruber, 2012; Li et al., 2008] . Significant permafrost degradation has already occurred in the TP [Luo et al., 2016; Wu et al., 2014; Yang et al., 2010] . Eighteen ground-temperature monitoring sites and 13 active-layer monitoring sites have been established along the 800 km Qinghai-Tibet railroad running from south to north , but these few site observations are not sufficient to give a basin-based mass estimation, especially as they are located outside the Inner TP. A regional modeling of active-layer depth (ALD) over the TP has been performed for 1980 -2001 [Oelke and Zhang, 2007 . The ALD data in the Inner TP were extracted from previous studies [Erkan et al., 2011; Oelke and Zhang, 2007] . Part of the meltwater from permafrost degradation may be stored as ground ice in the active layer; the released water is estimated using the model from Xiang et al. [2016] .
In the present study, the lake volumes inferred by lake area and lake level changes were computed and studied for the past four decades, 1970s-2015. The water mass balance was performed for 2003-2009, which was constrained by the availability of data on glacier mass budgets using ICESat (2003 ICESat ( -2009 and GRACE (since late 2002). The glacier mass budget in the Inner TP is from the forthcoming HIMAP report (http://himap.org/) and is based on the ICESat measurements from Gardner et al. [2013] and Neckel et al. [2014] .
Results and Discussion
Lake Area, Level, and Volume Changes
Annual change in lake area (each lake >10 km 2 ) shows that lake area across the entire TP has a slight decrease between 1970s and 1995 ( Figure 2a ). After that, lake area presents a continuous increase, but a stable, even slight decrease of lake area is mapped in several recent years. The time series of lake area in the Inner TP is overall consistent with that for the entire TP, but the lakes of the Inner TP expanded more
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rapidly than all lakes, and lake area variations in the TP are dominated by those in the Inner TP [Zhang et al., 2017a] . The difference especially appeared after 1998; i.e., the lake area in the Inner TP increased faster than the changes in the entire TP. This could be due to a slight decrease in lake area in the southern TP such as Brahmaputra basin after 1998 [Zhang et al., 2017a] . Figure 3a shows the spatial pattern of lake area change between 1970s and 2015. It is clear that lakes in the northern TP (>31°N) have an increasing rate of expansion. Salt Lake and Selin Co are the two peaks of area change in the histograms. Figure S6 shows that Salt Lake expands rapidly after 2012. Selin Co presents a small area in 1995, but after that the lake's area starts to increase, especially since 1998 ( Figure S7 ). The lakes in the southern TP (<31°N) present a slight shrinkage in area, but the magnitude of the shrinkage is smaller than expansion in the northern TP. In addition, the lake areas in the western TP (<94°E) general expanded in 1970s-2015 but shrank in the eastern TP (>94°E). The total lake area (>1 km 
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Although many studies have reported lake area changes in the TP [e.g., Song et al., 2013; Zhang et al., 2014 Zhang et al., , 2017a , this study is the first to provide an annual observation of lake area variations. This high temporal information allows us to examine the evolution of lake stages in a greater detail, which in combination with lake elevation data gives a time series of lake volume change. ). This suggests that the precipitation could be the major driving factor but glacier meltwater provides an additional water supply that results in lake level rising. Based on the hypsometric analysis for the period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] , lake levels between 1970s and 2015 were reconstructed. For this it was assumed that during the extrapolated time period, the morphology for each of the lakes is largely regular (J. F. Crétaux, personal communication). However, it cannot be excluded that the morphology of some of the lakes have changed over 40 years. But this has probably a minor impact as high correlation between the lake area and lake level provides some confidence in the assumption (Table S2 ).
The water level for lakes in the Inner TP increase faster between 1970s and 2015 relative to lakes in the entire TP (Figure 2b Figure S9 ). Overall, lake area, level, and volume changes present three obvious stages: a slight decrease, a continuous increase, and then a tendency to stabilize. The increase of lake area after 1998 accelerates, which could be driven by large-scale atmospheric circulation changes in response to atmospheric warming [Zhang et al., 2017a] . The spatial pattern of lake area, level, and volume change is obvious, with greater increase in the northern TP (dividing at 31°N). Between 1970s and 2015, the mean annual air temperature from CMA stations in the Inner TP ( Figure S10 ) showed a continuous increase ( Figure S11 ). The annual precipitation from both CMA stations and Global Precipitation Climatology Project showed a decrease in 1976-1994, followed by an increase until 2011, and a decrease over the last few years ( Figure S11 ). The precipitation could have played a dominant role in altering the lake change in the Inner TP. However, the limited number of CMA stations in the western TP ( Figure S10 ) prevents the quantitative evaluation of lake water balance. The recent slowdown of lake volume increase is also consistent with the TWS anomaly observed from GRACE data ( Figure S11 ).
Mass Balance and Lake Water Balance
The mass balance and lake water balance are estimated for the Inner TP based on observation of all the components including TWS, L, G, SWE, SM, and PM. The TWS observed from GRACE data increased at a rate 11.06 ± 1.2 Gt yr À1 in 2003-2009 ( Figure 4 and Table S3 ). The lake volume has a significant increase of 7.72 ± 0.63 Gt yr À1 over the same period. The small difference of lake volume change between this work and other studies Zhang et al., 2013a] could be due to the different total lake areas used. The glaciers experienced a negative mass budget À1.0 ± 0.5 Gt yr
À1
. Other components such as SWE, SM, and PM are relatively small terms in the mass budget, in comparison to the lake and glacier terms (Table S3 ). For example, the change in snowpack is 0.04 ± 0.02 Gt yr
. The GLDAS simulations show an increase (0.21 ± 0.48 Gt yr À1 ) in surface soil water content in the Inner TP. The permafrost degradation indicates a water release of 0.92 ± 0.46 Gt yr À1 . Combining TWS changes and independent estimates of water change in lake, glacier, snow, soil, and permafrost, the groundwater storage is estimated to increase at a rate of 5.01 ± 1.59 Gt yr
, which is similar to the magnitude of lake water increase.
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From the further lake water balance estimate (Table S3) , it is apparent that the increased precipitation is the dominant cause (74%) of lake increase in the TP's endorheic basin during 2003-2009, followed by glacier mass loss (13%) and permafrost degradation (12%). The increase of snowmelt water could be negligible (1%).
These estimates provide the first quantitative evaluation of the mass balance components in the Inner TP. This quantitative water mass balance could been conducted only for the period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] , as different satellite data sets are available, e.g., glacier mass budget from ICESat-1 (2003 ICESat-1 ( -2009 and mass balance from GRACE-based TWS (after 2003) . The analysis of the glacier contribution could potentially be extended back using historical satellite data [e.g., Bolch et al., 2017] or modeling [Farinotti et al., 2015] , while TanDEM-X and the forthcoming ICESat-2 provide promising data for the future. 
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The uncertainty depends on the estimated fraction for each component. The regional glacier mass balance is estimated using ICESat data which provide a reasonable estimate, but glacier coverage is relatively sparse [Gardner et al., 2013; Neckel et al., 2014] . Only fifteen glaciers have in situ measurements of glacier mass balance with only few measurements available before 2000 [Yao et al., 2012] . The station observations of activelayer thickness are limited to those available along the Qinghai-Tibet railroad [Wu et al., 2014] . The long-term snow depth measurements are observed at four CMA stations. The soil moisture network is developed for the central TP around Naqu City from 2010 . These ground truth data are limited, considering the large area, complex topography, and variable climate of the high-elevation TP.
A quantitative assessment of lake water balance could be made using a physically based hydrological model. However, the forcing data required would include temperature, precipitation, atmospheric pressure, specific humidity, wind speed, and downward shortwave and longwave radiations. Having long-term measurements from only four CMA stations or short-term observations from automatic weather stations in the Inner TP are a limitation. The remote sensing and reanalysis data sets have shown large uncertainty in retrievals of these parameters [Behrangi et al., 2017; Tong et al., 2014; Wang and Zeng, 2012] .
The closed basin-scale evapotranspiration (ET) or accumulated precipitation can be estimated by combining the TWS anomaly observation from GRACE temporal gravity measurements [Behrangi et al., 2017; Li et al., 2014] . Based on the TWS anomaly in this study and ET rate of 0.43 ± 0.34 Gt yr À1 from Li et al. [2014] in the endorheic basin of TP over 2003-2009, the increased precipitation should be 11.49 ± 1.25 Gt yr À1 , which is close to the total of increased groundwater storage and lake volume.
The increased change in lake area, level, and water volume has been a quite large contrast to the decreased lake water in other Asian plateaus [Zhang et al., 2017a] and the world's other continents [Pekel et al., 2016] . In addition, the increase of groundwater storage from this study is also comparable to the depletion of groundwater resources in adjacent India [Asoka et al., 2017] . With the development of the meteorological network in the TP, and the maintenance of existing satellite programs and the initiation of new ones, the quantitative understanding of the hydrologic cycle in the TP should continue to improve.
Conclusions
The abundant distribution of lakes in the TP, the Third Pole of the Earth, has been regarded as a sensitive indicator and sentinel of climate change. The annual lake area, level, and volume changes in the TP between 1970s and 2015 were examined making maximum use of the available satellite observations. A large increase in water storage has occurred in the endorheic basin (Inner TP or Qiangtang Plateau) of High Mountain Asia compared with other basins within the TP. As a time series, lake change has experienced a slight decrease, a fast increase, and then a recent slowdown. Combining with TWS estimation from GRACE gravity data and other satellite observations, we found that groundwater storage in the Inner TP increased by 5.01 ± 1.59 Gt yr À1 over the period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] . The groundwater storage change, together with lake water increase, is the major variation in TWS. The increased net precipitation is the dominant factor (74%) for the increase in lake water storage, followed by glacier melting ( TanDEM-X and the forthcoming ICESat-2 are promising data to study the water balance in the near future. In addition, with more available satellite altimeters such as Jason-3, sentinel-3A and 3B, ICESat-2, Jason-CS, and SWOT, more lakes can be observed and a direct estimation of water storage changes of lakes would become possible.
